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The kinetic energy distributions of photo-electrons emitted from gold surfaces under illumination by UV-light
close to the threshold are measured and analyzed. Samples are prepared as chemically clean through Ar-Ion
sputtering and then exposed to atmosphere for variable durations before Quantum Yield measurements are
performed after evacuation. During measurements the bias voltage applied to the sample is varied and the
resulting emission current measured. Taking the derivative of the current-voltage curve yields the energy
distribution which is found to closely resemble the distribution of total energies derived by DuBridge for
emission from a free electron gas. We investigate the dependence of distribution shape and width on electrode
geometry and contaminant substances adsorbed from the atmosphere, in particular to water and hydro-
carbons. Emission efficiency increases initially during air exposure before diminishing to zero on a timescale
of several hours, whilst subsequent annealing of the sample restores emissivity. A model fit function, in good
quantitative agreement with the measured data, is introduced which accounts for the experiment-specific
electrode geometry and an energy dependent transmission coefficient. The impact of large patch potential
fields from contact potential drops between sample and sample holder is investigated. The total quantum yield
is split into bulk and surface contributions which are tested for their sensitivity to light incidence angle and
polarization. Our results are directly applicable to model parameters for the contact-free discharge system
onboard the LISA Pathfinder spacecraft.
PACS numbers: 79.60.Bm,79.60.Dp,73.20.At
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I. INTRODUCTION
A. Thematic Background: Photoemission
Early experiments on photoemission (see e.g.1,2) were
aimed to shed light on particular details of the emis-
sion process from various metals, such as the distribution
and range of photo-electron energies. These experiments
clearly showed a cutoff of the emitted electron energies at
a maximum value, in agreement with the Einstein equa-
tion. It was not until the work of Fowler3 that photo-
electron emission was quantitatively connected to the un-
derlying statistics of the free electron gas and tempera-
ture effects were shown to play a crucial role in smooth-
ing out the threshold for emission4. Building upon the
work of Fowler, DuBridge derived expressions for normal
and total energy distributions of photo-electrons emit-
ted close to the threshold5 which were shortly afterwards
confirmed by experiments6,7.
General understanding of the theory of photo-emission
was significantly enhanced in the 1960s and 1970s, when
Spicer introduced the three-step model8,9, where elec-
trons are excited, migrate to the surface whilst under-
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going inelastic collisions and finally escape over the po-
tential barrier represented by the work function. Later,
more refinements to the theory were made when inves-
tigations were made of surface related effects such as
the modeling of surface states10,11 and surface plasmon
excitations12,13.
For this paper, DuBridge’s work is a major focus as we
build on his results and refine his model to account for dif-
ferent electrode geometries and the effects of adsorbates
on the previously clean metal surfaces. We find that
the original papers, which rely on a very simple model
of the free electron gas based purely on the Fermi-Dirac
statistics and without consideration of band-effects, are
very well suited for describing our measurement data
which were taken for emission close to the threshold, i.e.
where the energy of the incident light is very close to the
material work function hν ≈ φ. In a more recent pa-
per it was shown that even if the perfectly free electron
gas model which is equivalent with the ”one orthogonal-
ized plane wave (OPW) model” with dispersion relation
E+ hν = ~2p2/2m is replaced by a more refined 2-OPW
approximation, very similar results for electron escape
function and consequently the photo-electric yield are ob-
tained close to threshold14. Based on these findings and
on the success of the three step model to describe general
photo-electron emission experiments and many aspects of
our experiment in particular, we legitimate the applica-
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FIG. 1. A schematic of the experimental setup used for the
measurements of the photo-emission currents at DLR.
tion of DuBridge’s model for our analysis throughout the
paper.
B. LISA Pathfinder space mission
Some major findings of this paper, notably the energy
distribution, its width and the quantum yield, are used as
model inputs for a detailed simulation to quantify stabil-
ity and performance of the discharge system15 (and to aid
the design of its onboard control algorithm) which is part
of the scientific payload of the LISA Pathfinder mission16,
a testbed for a gravitational wave detector in space. At
the core of its working principle are two large test-masses
which are monitored under free fall conditions and serve
as ultra-sensitive inertial sensors. As these gold-coated
test masses charge up inadvertently through cosmic radi-
ation they must be discharged to mitigate adverse effects,
which is done using a UV source via the photoelectric ef-
fect. The stability and efficiency of the discharge process
is found to depend on the magnitude and variability of
certain physical parameters, such as the quantum yield.
The requirement for reproducibility of the latter and of
other parameters is further aggravated by the need to
expose the gold surfaces to ambient conditions during
assembly and integration of the sensors.
II. EXPERIMENTAL AND THEORETICAL
BACKGROUND INFORMATION
A. The Experimental setup
A schematic of our experimental scheme is shown in
Figure 1. Here we only present some essential details
for the following discussions and refer the reader to
reference17 for more details. The setup consists of a cop-
per sample holder (4 x 6 cm) onto which the gold sam-
ple (typically circular with 2.5 cm diameter) is attached
through two clamps, a field determining grid, a collector
ring above the grid and a UV source with a collimat-
ing tube and a condenser lens. All components except
for the UV-source are installed inside a vacuum chamber
with a typical pressure of 10−7 mbar. The UV-light is
emitted from a Hg-discharge lamp at the output of which
wavelengths shorter than 230 nm are removed by a filter
so that only light of wavelength = 253.6 nm = 4.89 eV
is transmitted. It enters the vacuum chamber through
a fused-silica window and is subsequently collimated in-
side an aluminum tube. A single aspherical lens focuses
the light to a spot size of 4.5 mm on the sample sur-
face (see Fig. 1). The UV intensity on the sample and
the spot width were determined by means of a UVG100
diode (Int. Radiation Detectors). The sample holder
can be heated to temperatures above 130◦ C in order
to anneal the sample. A thermo-couple is attached for
monitoring the temperature. The field determining col-
lector grid is made of a fine mesh of Platinum which is
curved in one plane (cylindrical) and mounted at a dis-
tance of approximately 3 cm to the sample center. Both
electrodes are kept at a base potential of +20V with re-
spect to the chamber housing, which is connected to the
ground. The voltage of the sample holder with respect
to the collecting grid was varied between +5 to -10 V
during the emission current measurements. This voltage
shall be referred to as bias voltage Vb in the following.
An additional ring shaped collector electrode at a con-
stant potential of +38V is installed between aluminum
tube and grid. The purpose of this electrode is to re-
move any electrons emitted from other parts of the setup
than the sample and also to avoid that emitted electrons
passing the collecting grid (covering approximately 50%
of the geometric area) may be reflected back towards the
sample. This arrangement was necessary to obtain the
correct emission current, which was recorded as the drain
current utilizing a high precision electrometer. Dielectric
materials in the vicinity of the illuminated sample were
found to considerably perturb the measurements due to
electrostatic charging and caused a distorted field at the
sample surface. In consequence, a supporting rod of alu-
mina was covered with a metal tube, and Kapton insu-
lated wires were moved well below the sample holder.
B. Work Functions and Energy Distributions
The energies of the electrons emitted from the sample
surface generally vary between 0 eV to a maximum en-
ergy given by the difference between the photon energy
and the sample work function. However, the energetic
position is shifted by the value of the contact potential,
which is a consequence of the work function difference
between sample and collector. This shift is identically
found in the recorded distribution curves. The electrons
are collected by the platinum anode and the emission cur-
rent is measured for a set of different bias voltages which
are incremented in small steps until the emission current
has dropped to zero. Based on these considerations the
minimum and maximum energies of the measured energy
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FIG. 2. The energy distribution (a) and current-voltage curve
(b) are plotted against the applied bias voltage for a typical
measurement. The minimum and maximum energies are indi-
cated by dotted vertical lines where the former is offset from
the origin by the contact potential and the latter is defined
by the cutoff at zero temperature. For a given bias voltage
all electrons with kinetic energies higher than Vx, indicated
by the red shaded area underneath the curve in (a), overcome
the bias field and contribute to the drain current, given by
the intersection with the vertical dotted line in (b).
distribution are given by18
Emin = ∆φ = (φs − φa)
Emax = hν − φa, (1)
where hν is the photon energy and φs and φa are the
work functions of the sample and anode, respectively.
From Eqs. 1 we find that the sample work function can
be determined from the distribution widths as follows18
φs = hν − (Emax − Emin) (2)
It is important to note that the characteristics of the
receiving anode (work function, dipolar charge, etc...)
are removed altogether when subtracting the distribution
widths from the photon-energy as the difference only de-
pends on the sample work-function.
Figure 2 (a) shows a typical distribution curve of total
electron energies. Here we assumed that the electron en-
ergy is proportional to the applied bias voltage which
will be discussed in more detail in section IID. The sam-
ple bias voltage Vb = Vsample − Vanode was incrementally
increased and the corresponding Quantum Yield (QY)
current, i.e. the number of electrons emitted from the
sample surface per unit of time and per incident pho-
ton, was measured. It presents a barrier for the elec-
trons to escape from the sample surface and therefore,
with increasing bias, the number of escaping electrons
and hence the anode current decrease. Only those elec-
trons with higher kinetic energy than the bias voltage
(including the contact potential) manage to escape. The
measured drain current therefore represents an integra-
tion of the distribution function of kinetic energies from
the bias voltage to infinity. This is indicated by the red-
shaded area in Figure 2. The voltages are given in units
of the ”stopping voltage” Vm which is defined by the
maximum energy of the emitted electrons at the sample
surface: eVm = hν−φs. Figure 2a shows that the energy
distribution goes beyond the value of Emax, which is an
effect of the finite temperature of the distribution (300
K in our example). For zero temperature (T=0 K) the
distribution would abruptly drop to zero at Emax and
therefore define a sharp cutoff. We also note that the
whole energy distribution is shifted by a positive value of
∆φ which corresponds to the case where the work func-
tion of the sample is larger than the one of the collector.
Denoting the electron energy distribution curve as p(E)
one obtains the following relations between the distribu-
tion and the yield current5:
I(Vb) =
∫ ∞
Vb
p(V )dV ⇒ p(V ) = −
dI(V )
dV
(3)
In the following sections we will repeatedly come back
to the definition of Eq. 3 when fitting the measured
current-voltage curves and determining the underlying
energy distribution functions.
C. Theory of Fowler and DuBridge
Fowler derived a theoretical expression for the ex-
pected photo-current as well as for the distribution of
electron energies normal to the surface (”normal distri-
bution”), valid for photo-emission from a free electron-
gas close to the long wavelength emission threshold3. In
the following we shall briefly recapture the basics of his
derivation which will be useful for understanding later
sections in this paper.
In a free electron gas the number of electrons per unit vol-
ume with velocity components in the ranges (u, u+du),
(v,v+dv), (w,w+dw), where u is the component normal
to the surface, is given - according to the Fermi-Dirac
statistics- by:
n(u, v, w)dudvdw = 2
(m
h
)3 dudvdw
e[
m
2
(u2+v2+w2)−µ]/kBT+1
,
(4)
where kB is Boltzmann’s constant, m the electron mass,
µ the chemical potential, and T the temperature. Inte-
grating Eq. 4 over the velocity components parallel to
4the surface one finds the distribution of kinetic energies
of the velocity components normal to the surface
n(u)du =
4πkBT
m
(m
h
)3
log
[
1 + e(µ−mu
2/2)/kBT
]
du
(5)
To find the number of electrons with ”normal energies”
in the interval given by (En, En+dEn) reaching a surface
element of unit area per unit time, we multiply Eq. 5 by
the normal velocity u and use the relation En = mu
2/2:
n(En)dEn =
4πkBT
h3
log
[
1 + e(µ−En)/kBT
]
dEn (6)
Fowler then made the crucial ansatz that the number of
electrons contributing to photo-emission scales propor-
tional to the number of electrons for which the following
condition is fulfilled
mu2
2
+ hν = µ+ φs (7)
This condition implies that the normal energy together
with the energy of the absorbed photon suffices to over-
come the potential step represented by the work function
φs and lift the electron from the Fermi-level of energy µ to
the vacuum level. We then assume that the yield current
scales proportional to the integrated distribution func-
tion of the normal energies. Equation 6 is then integrated
over all normal energies and the integral simplified under
the approximation that emission is close to the threshold
so that µ≫ hν−φs. Although there is no simple analyt-
ical expression the result can be approximated by a series
expansion in the small parameter η = (hν−φ)/(kBT ) so
that we find
I = C
T 2
(µ+ φ− hν)
1/2
F (η), (8)
where C is a constant that is independent from photon-
energy, temperature, and work function and F (η) is de-
fined as follows:
F (η) = eη −
e2η
22
+
e3η
32
− ... η ≤ 0
F (η) =
π2
6
+
η2
2
−
(
e−η −
e−2η
22
+ ...
)
η > 0 (9)
Taking the logarithm of Eq. 8 and assuming that the
quantity (µ+ φ− hν) is approximately constant yields
Fowler’s law. It is based on the universal function rep-
resented by logF (η) and allows to determine the work
function from the horizontal displacement of experimen-
tal data with respect to the universal function when I/T 2
is plotted against η on a logarithmic scale.
Shortly after Fowler’s seminal paper3 DuBridge pub-
lished a theoretical paper5 discussing various aspects
of measuring the distributions for normal (perpendic-
ular to sample surface) and total energy. The follow-
ing high-precision measurements of the two distributions
were in good quantitative agreement with DuBridge’s
predictions6,7. The derivation of the distribution of total
energies is similar to the one for the normal energies and
depends solely on the Fermi-Dirac statistics of the free
electron gas. The distribution for electrons within the
interval (v, v + dv) of the total velocity v is given by:
N(v)dv ∝
v3dv
e(mv2/2−Em)/kBT + 1
, (10)
where Em = eVm = hν − φs is the threshold energy.
If we now make the assumption that the total energy
is used to overcome the external electrostatic potential ,
i.e. mv2/2 = eV , we obtain from Eq. 10 the following
expression for the total energy distribution as a function
of applied bias voltage:
ft(V )dV = At
V dV
e(V−Vm)e/kBT + 1
, (11)
where At is a constant. This equation can in turn be
integrated from the bias voltage to infinity (see Eq. 3)
to obtain an expression for the expected current-voltage
curve. As was the case for the distribution of normal
energies, there is no simple analytical expression for the
integral but a Taylor expansion yields an approximate
expression that we used in the fitting of the experimental
data.
D. The effect of geometry on the measurement
We already discussed that the electrode geometry plays
an essential part in the actually measured distribution
curves. The most important aspects to consider are the
alignment of the electric field lines with respect to the
electron trajectories and the solid angle extending from
the emitting surface within which electrons may be cap-
tured by the collecting anode. Various cases for electrode
geometries are displayed in Fig, 3.
1.) Point emitter inside sphere: In this setup the
total energy distribution of the emitted electrons is mea-
sured. The emitter is located in the center of the receiv-
ing sphere as shown in Fig. 3a. All electrons move on tra-
jectories which are perfectly parallel to the electric field
lines so that the retarding fields decrease the total kinetic
energy measured by the receiving sphere. This configu-
ration closely resembles the early setups, where emitting
samples were placed in the center of sealed evacuated
glass spheres. The total energy distributions for T=300
K and T=0 K are given by the blue and grey curve in
Fig.4, respectively.
2.) Plane parallel plates: In this setup, shown in Fig.
3b, the distribution of normal energies of the emitted
electrons is measured. Here, the density of electric field
lines remains constant between cathode and anode and
the electron trajectories are not aligned with field lines.
In such a geometry the normal energy that is used to
overcome the electrostatic potential is given by En = eV .
We obtain from Eq. 6 the following expression for the
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FIG. 3. Various electrode geometries are displayed for com-
parison. Electric field lines are indicated by the broken red
lines, electron velocities by the black arrows. (a) In the ideal
geometry for the measurement of total energy the emitter is
a point source, all field lines are aligned with the electron tra-
jectories. (b) In a parallel plate geometry the normal energies
are measured. (c) The setup with two finite-sized concentric
spheres lies in between the two extreme case a and case b. (d)
The experimental setup of this paper resembles case c.
distribution of energies as a function of the applied bias
voltage:
fn(V )dV = An log
[
e−(V−Vm)e/kBT + 1
]
dV, (12)
where An is a constant. The normal energy distribution
for T=0 K is given by the red curve descending from
the maximum at V = 0 to zero at the stopping voltage
V = Vm.
3.) Two concentric spheres: This setup is an inter-
stage between the two extremes discussed before. An
arrangement of two concentric spheres, as the one shown
in Fig. 3c, does not accurately measure the total energy
as the inner sphere is no point-like source but has a finite
size. The electrons therefore follow trajectories which
are quite generally not perfectly aligned with the field
lines. If the radius of the emitting sphere approaches the
one of the collecting sphere, we find that the geometry
increasingly resembles that of two parallel plates, which
was discussed in scenario (2) above. If, on the contrary,
the radius of the inner sphere approaches 0, the case of a
point emitter is approached, which was discussed in sce-
nario (1) above. We therefore expect a smooth transition
of the energy distribution function of scenario (3) when
the radius of the inner sphere is changed from a value
close to zero to a value close to the outer radius. We con-
clude that the concentric sphere measurement setup lies
in between the two extremes of point emitter which mea-
sures the total energy and parallel plate emitter which
measures the normal energy. The energy distribution
which would be measured in a setup of two concentric
spheres can be calculated by the convolution of the total
energy distribution with the broadening function19. This
has the effect of shifting as well as broadening the struc-
ture. The measured energy distribution for this geom-
etry is described by a single electrode parameter, given
by the ratio of the radius of the outer sphere to the ra-
dius of the inner sphere γ = r2/r1. From Fig. 4a we
see that by varying the geometry from γ = ∞ to γ = 1
the energy distribution is gradually changing from the
one for the total energy to the one for the normal en-
ergy, in agreement with our reasoning above. We should
point out that these calculations rely on the assumption
that the angular distribution of emitted photo-electrons
follows a Lambertian distribution so that the probability
P (θ) of emission at an angle θ with respect to the surface
normal is given by P (θ)dθ = sin 2θdθ. It is interesting
to note that -only based on a Lambertian distribution-
the total energy distribution can be calculated from the
normal one and vice versa, which clearly indicates the
validity of the law. Considering that the original deriva-
tion of normal and total energy distributions by Fowler
and DuBridge, respectively, was only based on arguments
relating to statistics and energy conservation, we con-
clude that the very same arguments and approximations
implicitly imply an angular dependency according to a
Lambertian distribution. This conclusion is in agreement
with a recent derivation and experimental of a Lamber-
tian distribution for photo-emission from gold surfaces20.
4.) The experimental setup for this paper: Our
setup is shown schematically in Fig. 3d. The cylindrical
shape resembles scenario (1) in one direction and sce-
nario (2) in the other direction, and can be modeled very
well by scenario (3) in the sense, that the density of field
lines decreases with increasing distance from the emit-
ting surface and the electron trajectories are generally
not aligned with the field lines. Based on the similarity
to the case of two concentric spheres we adopted the lat-
ter model to describe the measured energy distributions
in our setup. For an optimal fit of the measured energy
distributions to a model function we left the parameter
γ free to vary and determined from the fits that γ ≈ 2.1.
This is in good agreement with our expectations based
on a simple model where the sample holder (half-width
2 cm) is represented by a sphere of 2 cm radius and the
collector grid (2-3 cm distant from sample holder) by a
sphere of 4-5 cm radius, which should yield a geomet-
ric parameter γ somewhere between 2 and 2.5. We also
observed in our measurements that after increasing the
distance between sample and grid (by approximately 1
cm) the parameter γ increased slightly, which agrees well
with model predictions and gives further evidence that
the position of the measured distribution peaks is gov-
erned by the electrode geometry.
60 0.2 0.4 0.6 0.8 1 1.2
0
50
100
150
200
250
300
350
400
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
e
n
e
rg
y
d
is
tr
ib
u
tio
n
[a
.u
.]
yi
e
ld
c
u
rr
e
n
t
[a
.u
.]
(a)
(b)
T=300 ,g =1.1
T=300, g=1.5
T=300, g=2.5
T=300
g=¥
T=0 ,g =1
T=0, g=
¥
T=0 ,g =1
T=300 ,g =1.1
T=300, g=1.5
T=300, g=2.5
T=0, g=
¥
T=300, g=
¥
bias voltage [V ]m
FIG. 4. The energy distributions of photo-electrons emitted
from various electrode geometries are plotted in (a), the cor-
responding yield currents in (b). Voltages are given in units
of the stopping Voltage Vm. The respective curves encompass
geometries ranging from plane parallel (γ = 1) to perfectly
spherical (γ = ∞) and room temperature (T=300 K) is as-
sumed in the curves represented by the black dotted lines.
The distributions at T=0 K for the total energy (grey curve)
and the normal energy (red curve) have a perfectly triangular
shape. The total energy distribution for T=300 K is given by
the blue curve.
III. EXPERIMENTAL DATA AND ANALYSIS
A. The Measurement steps
Photo-emission spectra of various gold-coated sam-
ples were investigated. The samples, produced by Se-
lex Galileo, consist of a glass substrate covered with a
200 nm thick layer of Ti which is in turn covered by a
800 nm gold layer. For some samples also Aluminum or
Titanium were used as substrates. Measurements were
performed on a total of 6 samples and the following mea-
surement steps were executed at the German Aerospace
Center: The sample was first Ar-Ion sputtered with an
ion energy of 1 keV and a current of typically 5-6 A for
a period for a period of 20 minutes. Sputtering was
performed in a separate chamber (not the measurement
chamber) and the sample was subsequently exposed to
atmosphere when being removed from the sputter cham-
ber. The sample was kept under atmosphere for a pro-
longed period of time, typically from several minutes to
several hours or even days. After exposure the sample
was re-inserted into the measurement chamber which was
then pumped down to a pressure of typically 10−7 mbar.
Then the sample was left for a duration of several hours
while basic yield measurements were performed intermit-
tently. Finally, the sample was annealed at a temperature
of 130◦ C for a duration of 12h-24h before the last QY
measurement was performed.
Similar steps were performed in Wu¨rzburg, where the
samples were sputter-cleaned in situ without breaking
the vacuum. Additionally, the gold samples could be
covered with another coating (on top of the gold) in a
preparation chamber which was equipped with a mass
spectrometer. The main purpose of this second coating
was to explore the choice of materials with higher emis-
sivity than that of gold.
B. Measured Distributions and Quantum Yields
The data for a typical measurement performed after
annealing are plotted as black circles in Fig. 5, where
the quantum yield is given in (b) and the derived energy
distribution in (a). The black line represents a fit to
the data based on an expression for the total energy
(Eq.11 shifted by a Voltage offset eV0 = ∆φ), where
the sample work function φs, the distribution amplitude
At, and the work function difference ∆φ are the three
free parameters. The dotted red line is obtained from
a fit where the electrode geometry parameter may
also vary and we find γ = 2.10, in agreement with
expectations. The two fits both yield values of φs ≈ 3.7
eV, ∆φ ≈ −1.2 eV so that we obtain for the anode
work function φa = φs − ∆φ = 4.8 eV. We should
point out that all measurements performed during the
campaign have yielded the similar values for φa which,
in contrast to φs, is not found to vary much between
measurements. Complimentary fits to the high energy
tails of the distribution, based on Fowler’s function of
Eq. 9, yielded the same results for φa within 50 meV.
When comparing the solid black to the dotted red line
we find that the latter curve fits the data much better
with the corresponding least-square residuals being 30%
lower than those of the former curve. This is owing to
the fact that our electrode geometry does not resemble
a point-emitter inside a sphere and therefore does not
measure the total energy distribution. However, neither
curve gives a good fit for the low-energy tail of the data,
where the yield current keeps increasing slightly with
decreasing bias voltages down to -1.5 V. Furthermore,
the measured shape of the energy distribution is slightly
curved for lower energies whereas the theoretical ex-
pression for the total energy and the geometry-related
derivatives thereof (see Fig.4a) clearly have a linear
slope towards lower bias voltages.
This observation is in agreement with the early findings
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FIG. 5. The measured energy distribution (a) and current-
voltage curves (b) for a given sample (ref.no. TP-04) after
Ar-Ion sputtering, air exposure and annealing. The black
circles denote the experimental data. The fitted energy dis-
tributions for an undetermined geometry (γ free to vary) and
for the total energy (γ = ∞) are given by the red dotted
and black solid lines, respectively. The red solid line denotes
a fit accounting for both, variable electrode geometry and a
low-energy modification of the emission.
of Hill for emission from sodium21. An explanation
was given in terms of an energy-dependent transmission
coefficient describing the barrier the electron needs to
overcome in the emission process. From the historic
debate it is well known that an image force (hyperbolic)
potential yields a constant transmission coefficient22
which is in disagreement with measurements of the
thermionic emission constant and cannot explain other
emission-related properties either. Neither does a
simple square potential barrier provide a satisfactory
description of the transmission barrier23. There is still
some debate on the exact shape of the latter but it is
commonly agreed that intra-electron exchange forces
play a dominant role. Charge separation and adsorbates
at the material surface have a major impact on shape,
depth, and associated work function of the potential.
For this paper we exposed the gold samples to ambient
air which comprises numerous possible contaminant
molecules for the gold surface. In particular, these
include water and hydro-carbons whereas oxygen has
negligible adsorption probability on gold24.
Numerous experiments have been performed on
the adsorption of water on various metals and
semiconductors25, where this has generally led to a
decrease of the work function between a few hundred
meV to more than 1 eV, but in some instances also the
opposite was true, depending on the orientation and
packing densities of the water molecules in the adsorbed
layer. Water also has the general tendency to cluster
on metal surfaces, which is particularly true for noble
metals such as gold where the surface interaction with
water is weak and water-water interactions are signif-
icant in comparison25. Electron transmission through
films of hydrocarbon chains and organized organic thin
films have also been investigated over the past years,
which was generally done using low-energy electron
transmission (LEET) spectroscopy but recently also by
studying the ballistic motion of photo-electrons26.
An easy to measure parameter is the asymptotic Quan-
tum Yield (QY) which is obtained for large negative
bias voltages, ensuring that all electrons which are
emitted are actually counted towards the total yield.
This parameter is used to compare the total emissivity
between samples for different air exposure times. In this
respect we made some interesting observations. Directly
after Ar-Ion sputtering and without previous exposure
to atmosphere the gold coated samples were found to
be non-emissive (yield current smaller than detection
limit of ≈ 1 pA). When the samples were exposed to
ambient air for a controlled period in time before the
subsequent measurement under evacuated conditions,
the yield was found to increase for a timescale on the
order of several minutes before starting to drop again.
Finally, the yield reached zero after an exposure time
somewhere between one and several hours and remained
at zero for exposure times up to several days. This was
independently confirmed by different measurements in
Wu¨rzburg and at DLR. The typical emission currents
for a gold coated sample and another sample coated with
an Au/Ag 1:3 mixture are given in Fig.6. In this respect
we point out that systematic measurements of the work
function φs of Au(111) and of Ag thin films deposited
on Au(111) substrates have recently been performed
using AES and ARPES27, where a major focus has been
to characterize intermixing and alloy formation at the
surface as well as the properties of surface states.
When comparing the measurements for different samples
we found that there was generally a large variation of
the duration when emission peaked and had dropped to
zero again. This is most likely attributable to slightly
varying ambient conditions, in particular humidity,
when the samples were exposed to air in the laboratory.
Based on our measurement results we believe that the
observed phenomena are likely due to co-adsorption
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FIG. 6. The maximal emission currents are plotted against
air exposure times for pure gold (red curve) and an Ag-Au
mixture of 1:3 (blue curve).
of water together with hydrocarbons onto the gold
surface. Further indications that this might be true
are obtained from the results of XPS measurements of
the contaminated surfaces where signals of carbon and
oxygen alone were found in the emission spectra. Water
usually adsorbs and desorbs on very short timescales at
room temperature25, however the co-adsorption of water
with other contaminants could tilt the balance between
adsorption and desorption towards the former process
and impart a certain stability to the adsorbed surface
layers. As the vacuum chamber in which all measure-
ments were performed in Wu¨rzburg was equipped with
a non-collimated Al X-ray source (1486 eV) in addition
to the mercury discharge lamp (4.89 eV), such XPS as
well as the photo drain current data could be collected
in situ.
After annealing the samples at a temperature of ap-
proximately 130◦ C for a duration between 12h to 24
h we found that we could reproducibly restore high
emissivity for each sample. The quantum yield after
annealing had an average of QY=7.4 × 10−5 electrons
per incident photon (at perpendicular incidence) with
only small differences of around 20-30% between sam-
ples. The observation that the yields were very similar
after annealing for all samples irrespective of previous
differences in exposure times was very encouraging and
crucial for restoring equal emissivity to all samples. The
latter property is essential for the proper functioning
of the contactless discharge subsystem for the inertial
sensor subsystem of the LISA Pathfinder spacecraft16.
C. Modeling the Transmission coefficient
Whereas an accurate model of electron transmission
through layers or clusters of water and hydrocarbons re-
quires a three-dimensional model, in this paper only two
basic one-dimensional models are used for illustration
purposes. The transmission curves for electron motion
through a triangular (dipolar) and a square potential on
top of a square well are shown in Fig.7a and b, respec-
tively, for a set of layer thicknesses, each layer having a
potential height of ∆ V=0.8 eV. For comparison, we also
plotted the transmission curve for a square well alone
(black dotted curve) and a second square well of added
height ∆V. For increasing layer thickness the transmis-
sion coefficients change from a curve resembling trans-
mission through the lower square well (8.8 eV) to one
describing transmission through the higher potential well
(9.6 eV). We would like to point out that there is a pro-
nounced similarity between the curves shown in Fig.7a
and those measured in Ref.26 for transmission through
dipolar organic films. Transmission through a square po-
tential on top of a square well, shown in Fig. 7b, looks
somewhat different compared to the dipolar case in (a).
Most notably, we observe no asymptotic approach to the
transmission curve of the deeper square well but rather
the occurrence of resonances for larger layer thicknesses
(see green curve).
Our experimental data in Fig.5a are well fitted (red solid
line) by a modified distribution which is obtained from
the geometrically adjusted one (red dotted curve) by mul-
tiplication with an energy dependent transmission coef-
ficient corresponding to a dipolar barrier of 8.4 A˚ thick-
ness. These are typical parameters for a multi-layer water
film on a metal surface (see simulations in28). A reason-
able fit, not quite as good as for the dipolar barrier (larger
residuals), is obtained for a transmission coefficient that
vanishes linearly with diminishing energy, such as the one
assumed from early experiments by Houston29 and fur-
ther investigated by Buckingham30. It should be stressed
at this point that this is a simplified model and the low
energy tails in Fig. 5 more likely have a different origin.
We shall investigate several other plausible explanations,
in particular electrostatic disturbances, in the following
sections.
D. Investigating the Distribution Widths
From our measurements we find that the average dis-
tribution width is given by ∆E = 1.2 eV , implying ef-
fective work functions (see Eq.2) of 3.7 eV which is sig-
nificantly lower than the typically quoted values of 4.2-
5.1 eV31,32 for clean gold and of 4.2 eV for gold after
air exposure33. There is good agreement, however, with
previously published results of air exposed gold films on
top of a tantalum substrate which were vacuum-sealed
in a glass tube34. Our results were reproduced in a se-
ries of measurements performed on different samples over
a prolonged period of approximately 2 months. During
this campaign it was necessary to open the experimen-
tal chamber and break the vacuum, insert a new sam-
ple, and finally evacuate the chamber again before each
90 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
tr
a
n
sm
is
si
o
n
c
o
e
ffi
ci
e
n
t
d=9 Å
d=5 Å
d=15 Å d=40 Å
step barrier
8.8 eV
step barrier
9.6 eV
kinetic energies [eV]
0 0.2 0.4 0.6 0.8 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
d=5 Å
d=3 Å
d=15 Å
d=9 Å
step barrier
8.8 eV
step barrier
9.6 eV
Ekin EF
fs
DV
d
Ekin
EF
DV
d
Square Well(b)
Dipole Barrier(a)
fs
tr
a
n
sm
is
si
o
n
co
e
ffi
ci
e
n
t
FIG. 7. The transmission coefficients are plotted for (a) a
dipole potential barrier and (b) a square potential barrier on
top of a square well for various barrier thicknesses between
2 and 40 A˚. The barrier height, as defined in the schematics
on the right side, is chosen as ∆V=0.8 eV in both cases.
Electron energies are referenced to φ=3.8 eV and the Fermi
energy is taken to be EF = 5 eV. Transmission coefficients
for basic square wells of height EF + φ and EF +φ+∆V are
given by the dotted lines for comparison. The dashed vertical
line denotes the point where the electron energy equals the
maximum of the potential.
measurement. After the initial bake-out at the begin-
ning of the campaign no more chamber bake-out was per-
formed in between measurements and we believe this to
be the reason why we observed an increase of the distri-
bution widths with time. In between measurements the
vacuum chamber is increasingly contaminated by atmo-
spheric compounds, in particular water, which adsorbs
to the chamber walls under ambient conditions and may
desorb from there to contaminate the sample during mea-
surements. Patch fields created by water clusters on the
sample but also those on the sample holder may fur-
ther contribute to a broadening of the curves. To test
this hypothesis we performed another bake-out of the
vacuum chamber during 5 days at a temperature of ap-
proximately 100◦ C. Subsequent photoemission measure-
ments found that the distribution widths were around
1.1 eV and therefore clearly smaller than before bake-
out, the values being similar to the first measurements
after the initial bake-out. Water peaks were also promi-
nently visible in mass spectrometer measurements taken
in the vacuum chamber to investigate the composition of
its residual gas. Furthermore, XPS measurements gave
no indication of other contaminants than carbon and oxy-
gen on the sample surface (hydrogen being undetectable
to XPS). The broadness of > 3 eV of the oxygen 1s sig-
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FIG. 8. The force lines between gold sample surface, copper
sample holder and collecting mesh are plotted for two different
bias voltages, a positive bias voltage in (a) and a negative one
in (b).
nal at 531 eV hints at the presence of organically bound
oxygen as well as water-bound oxygen or oxides. These
observations seem to indicate that the increase in curve
widths is probably attributable to the presence of water.
However, there are other prominent effects which may af-
fect an increase in distribution width and therefore con-
tribute to the overall uncertainty of the absolute width
and, accordingly, of the sample work function: On the
one hand, we observed a strong sensitivity of the mea-
sured energy distribution curves to the presence of any di-
electric component in the vicinity of the emitting sample
(see discussion in section IIA) which tended to broaden
the curves. Similarly, small dielectric zones on the sample
itself (where the gold and titanium coatings had peeled
off in a tiny fragment) lead to an observable broadening
of the curves. We therefore made very effort to ensure
all such components were either replaced, shielded or re-
moved from the field of view.
On the other hand, the work function difference between
the copper sample holder and the attached gold sam-
ple (typically φCu=4.7 eV and φAu=5.1 eV for clean
metals)32 affects a contact potential drop between the
two. The higher work function of the gold leads to a
flow of electrons from copper to gold and therefore to an
increased potential of the copper surface with respect to
the gold surface. The potential drop essentially presents
a large patch field around the gold sample which affects
the field lines and therefore modifies the (kinetic) energy
of the emitted electrons. This is schematically depicted
in Fig. 8. In some dedicated measurements we aimed
to explore this effect by changing the location of the UV
spot with respect to the center of the gold sample and
studying the effect on the measured distribution width.
The UV beam was first positioned at the edge of the
gold sample (∼ 1 cm from the center), then midway be-
tween the edge and the center, and finally at the center of
the gold sample. The measured distribution widths were
0.69 eV, 0.95 eV, and 1.20 eV, respectively, implying that
close to the sample edge the measured energy distribu-
tions are significantly narrower than at the sample center.
At the same time we observe that the minimum energy
Emin of the distribution (see Eq. 1) assumes values of
-0.6 eV, -0.9 eV and -1.2 eV for the three positions, re-
spectively, whereas the maximum energy Emax remains
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FIG. 9. Plot of the measured yield curves when the posi-
tion of the UV-spot is moved from the sample edge (blue
curve), through a midway point (red curve) to the sample
center (green curve). The distribution widths increase and
the minimum energies shift towards more negative bias volt-
ages whilst the maximum energies remain nearly unaffected.
nearly constant. The measured yield curves are given in
Fig.9.
This effect can be qualitatively understood from Fig. 8.
Without loss of generality we shall ignore the contact po-
tential difference between sample and collecting anode for
the following discussion as this merely constitutes a volt-
age offset which we absorb into the general definition of
the bias voltage. In this picture ∆φ = 0 and photoemis-
sion starts at a large positive bias voltage (cf. Fig. 8 a)
equal to the sample work function whilst it ends at zero
bias voltage, where electrons with low kinetic energies are
emitted. When measuring the emission threshold around
Emax we apply comparatively large positive bias voltages
and therefore strong fields between the electrodes so that
the effect of the copper patch field, which is highly non-
linear and restricted to a small region around the sample
edge, is rather small. If, however, we measure the yield
current saturation around Emin we apply very small or
no external fields so that the copper patch field becomes
very significant and shifts the saturation point from zero
towards positive bias voltages. The yield curves in Fig.
9 clearly show this behavior. When the UV light spot is
positioned in the sample center the general emission dis-
tribution width is least affected whereas at the sample
edge, where patch fields are much stronger, the distri-
bution width is significantly decreased. The curves were
fitted with an approximate analytic expression for the
integrated distribution of the total energy (Eq. 11) to
extract the widths and minimum energies. The fits of
the respective yield curves are given by the solid lines.
To further investigate the copper sample holder we per-
formed a measurement with a very large square sample of
a thin gold layer on top of an aluminum substrate which
covered nearly the whole area of the sample holder. The
measured distribution width of ∼ 1.1 eV agrees well with
the measured width in the center of the smaller sample
based on a circular glass substrate. From these observa-
tions we concluded that the general distribution widths
are only insignificantly affected by the patch fields of the
sample holder as long as the UV beam is well centered
on the smaller circular samples. However, even then it
seems quite possible that the patch fields could have some
impact on the slope of the distribution towards low en-
ergies (cf. section III B).
Finally, from electrostatic calculations we concluded that
the applied potential of ∼ 20V between the anode grid
and the chamber walls leads to distortions of the electric
field between the electrodes, as this volume is not fully
shielded by the anode grid against perturbations from
the chamber walls. Numerical simulations indicate that
this may lead to a significant broadening of the measured
distribution widths. Mitigating measures could be to re-
duce the potential difference and a more comprehensive
enclosure of the sample surface by the anode mesh.
E. The Surface Effect
Our analysis so far has dealt with the so-called bulk
properties of the emission process, where surface proper-
ties such as adsorbed molecules and surface dipoles only
play an indirect role through their impact on the trans-
mission barrier and material work function. However,
apart from the contribution of bulk emission to the total
yield, there is another significant contribution originat-
ing from surface field mediated emission, the vectorial
photo-effect35. It scales proportional to the electromag-
netic energy inside the solid which is associated with the
electric field vector that is normal to the surface and can
be easily separated from the bulk contribution due to its
dependence on the incidence angle and polarization of
the light. The two effects, bulk- and vectorial photoemis-
sion, vary with incidence angle in a completely different
way36.
Bulk emission varies in proportion to the power of the
absorbed light which depends linearly on the absorption
coefficient: QYbulk ∝ (1−R(θ)), where R(θ) is the sample
reflectivity as a function of the incidence angle θ. How-
ever, a general expression for the quantum yield, specifi-
cally including surface emission, is expected to scale as35
QY (θ)
QY (0)
=
ǫs(θ) + ǫp‖(θ)
ǫs(0) + ǫp‖(0)
+ r
ǫp⊥(θ)
ǫs(0) + ǫp‖(0)
, (13)
where ǫs, ǫp‖, and ǫp⊥ are the electromagnetic energies
inside the solid due to electric field components associ-
ated with s-polarization, p-polarization parallel to the
surface, and p-polarization normal to the surface, respec-
tively. These quantities can be calculated directly from
the Fresnel equations in combination with expressions
for the field amplitudes transmitted through the solid
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FIG. 10. The measured quantum yield (open circles) is plot-
ted against the light incidence angle. The black solid line
denotes a fit using Eq. 13 for the vectorial photo-effect and
the dotted red line marks the expected yield for bulk emis-
sion only. The blue broken line is the inferred yield for purely
p-polarized light. The measurements are normalized by the
yield value at normal incidence.
surface35. The parameter ’r’ is a measure of the pho-
toemission efficiency of perpendicular fields compared to
parallel fields, and a value of r=1 indicates bulk emis-
sion which is simply proportional to the total amount of
absorbed light. A series of measurements was performed
where the angle of the incident light was varied in steps
of 10 degrees from normal incidence up to an incidence
angle of 50 degrees on either side of the surface normal.
The data are given as the open circles in Fig. 10, which
are fitted well by Eq.13 for r=4.67 (black solid line), indi-
cating that emission through fields perpendicular to the
surface is nearly five times as efficient as emission through
parallel fields. Note that the yields are normalized with
respect to the yield obtained for normal incidence. For
comparison, the expected behavior of bulk emission alone
is given by the dotted red line. Considering that our light
source is unpolarized we used the values of mixed light for
the reflection coefficient in the scaling law for bulk emis-
sion to obtain this curve. Clearly, the predicted trend
of bulk emission points in the opposite direction to the
actual observations and to the fit.
We conclude that surface effects play a significant role in
the emission process, increasing the total yield by more
than 20% over a 50 degree variation of the incidence an-
gle. The predicted behavior for p-polarized light is given
by the dashed blue line which is calculated from Eq. 13
by setting ǫs = 0. Interestingly, we observed a disappear-
ance of the sensitivity to the incidence angle when the
sample was illuminated for a long time by the UV-source
before the data were taken. This points towards a UV
surface cleaning effect37 of the illuminated region and the
disappearance of the adsorbed surface layer which seems
to have an impact on the vectorial photoeffect.
CONCLUSIONS
We have measured and analyzed the specifics of pho-
toemission from gold-coated substrates which had pre-
viously been exposed to atmosphere under illumination
by ultraviolet light close to the threshold. Important
findings are that the distribution of emitted electrons is
well described by the DuBridge expression for the total
energy5, that the quantum yield is similar for all samples
which were annealed after exposure (≈ 7 × 10−5) and
that the distribution widths, which may be affected by
various electrostatic perturbations, are about ≈ 1.2 eV,
in good agreement with a previously published result34.
We have also shown how the measured electron kinetic
energy distributions change with the electrode geometry
and applied a quantitative calculation method to convert
distributions from one geometry to another, in particular
to the geometry of our experimental setup. The impact
of dipolar adsorbates is also discussed with respect to
work-function, yield and distribution widths. After pro-
longed exposure to atmosphere we have found that the
sample yield initially increases before dropping to zero
on a timescale of hours, but emissivity can be restored
through annealing. Patch fields, introduced by contact
potential drops between the sample and its holder, have
likewise been investigated experimentally and good quali-
tative agreement has been found with theoretical models.
We have also shown how the total quantum yield can be
split into a contribution from the bulk and one from the
surface. The latter depends on the component of the elec-
tromagnetic field that is perpendicular to the surface and
therefore strongly varies with the light incidence angle.
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